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INTRODUCTION
Lago Argentino is the largest lake completely con-
tained in Argentine territory. At the same time, it is the
second largest of the Patagonian lakes (after Lago Buenos
Aires/General Carrera shared with Chile) and one of the
six largest lakes in South America (Strelin et al., 2014).
Nevertheless, surprisingly little results of limnological
and hydrodynamic research on this lake is found in the
literature (Quirós et al., 1988; Diaz et al., 2007; Pasquini
and Depetris 2011).
Lago Argentino is situated in the province of Santa
Cruz in the southern part of Patagonia, at the foot of the
eastern flank of the Andean Cordillera, between 50.0-
50.5°S and 72.0-73.3°W (Fig. 1a). This lake combines in
a unique manner two different natures. This becomes ev-
ident by one look on the map (Fig. 1b): the western half
of the lake is composed of narrow, deep glacier valleys
that branch out deep into the Andean high-mountain relief
towards the glaciers descending from the Southern Patag-
onian Icefield and calving into the lake. This setting shall
be termed the glacier-valley environment. The eastern half
of the lake, in contrast, is formed by a broad, regular and,
probably, shallow basin that extends among flat, terraced
plateaus. This morphological character is referred to as
Andean terminal lake (Quirós et al., 1988). This abrupt
morphological change is accompanied by strong gradients
in meteorological parameters, vegetation and geological
structure. The regional climate, characterized as summer-
cool, winter mild wind climate (Weischet, 1996), is deter-
mined by strong westerly winds. While the Pacific flank
and the crest of the Patagonian Andes receive abundant
precipitation of up to 10 m yearly (Casassa and Rivera,
1999), the precipitation rate drops rapidly towards east to
200 mm at El Calafate (Strelin et al., 2014). In the gla-
cier-valley environment the lake shores are steep and cov-
ered by dense Nothafagus forest. In the terminal-lake
environment the shore is made of flat beaches amidst the
Patagonian steppe of meagre scrub vegetation. Geologi-
cally, the west-east extend of Lago Argentino marks the
transition from the Andean orogen, through the Patagon-
ian fold-and-thrust belt, into the Magallanes retroarc fore-
land basin (Menichetti et al., 2008; Ghiglione et al.; 2009,
Fosdick et al., 2011).
The peculiar present-day morphology of the lake is a
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ABSTRACT
Based on precise pressure tide gauge observations lake-level records are derived for two sites in Lago Argentino, southern Patagonia,
of 2.5 and 1 years of duration. Applying the tools of time series analysis, the principal processes affecting the lake level are identified
and quantified. Lake-level changes reflecting variations in lake volume are dominated by a seasonal cycle of 1.2 m in amplitude. Lake-
volume changes occur in addition with a daily period in response to melt water influx from surrounding glaciers. Sporadic lake-volume
jumps are caused by bursting of the ice dam of Perito Moreno glacier. Water movements in Lago Argentino are dominated by surface
seiches reaching 20 cm in amplitude. Lake tides reach a maximum amplitude of 3 mm. The comparison of the tidal signal extracted
from the lake-level observations with a model composed of the contributions of body tide and ocean tidal loading indicates a phase
shift of 23° which is most likely explained by an 1 hour phase lag of global ocean tide models in the region of the highly fragmented
Pacific coast. The comparison of the obtained results with those of a previous study of Lago Fagnano, Tierra del Fuego, allows to
relate differences in the hydrological and hydrodynamic processes between both lakes to morphological properties. This leads to a ten-
tative prediction of the lake-level variability to be expected from other great Patagonian lakes. The presented geodetic results shall
serve as a starting point for a detailed limnological investigation of these aquatic ecosystems.
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result of repeated glaciations since the Miocene/Pliocene
transition (Rabassa et al., 2005). While the western glacier
valleys were carved deeply into the Andean bedrock by
repeatedly advancing and receding glaciers, the recent
eastern lake shore is made of Pleistocene terminal
moraines deposited shortly after the Last Glacial Maxi-
mum (Strelin et al., 2014). After a retreat deep into the
Andes, a late- Pleistocene glacial readvance termed Punta
Bandera stadial (Strelin et al., 2014) left a moraine com-
plex just at the boundary between the glacier-valley and
the terminal-lake environments. Today the Northern and
Southern Patagonian Icefields, the largest extra-polar ice
mass on the southern hemisphere, represent the receding
remnants of these vast glaciations.
Lago Argentino shares its dual morphological charac-
ter, its geological, climatic and vegetation setting as well
as its glacial history with a whole chain of lakes aligned
from north to south along the eastern flank of the Patagon-
ian Andes (Pasquini et al., 2008). Attention will be paid
here to the great Patagonian lakes including Lago Buenos
Aires/General Carrera, Lago San Martín/O’Higgins, Lago
Viedma and Lago Fagnano in Tierra del Fuego (Fig. 1a).
Fig. 1. a) Map of southern Patagonia, southernmost South America. Highlighted in black are the great Patagonian lakes mentioned in
the text: Lago Buenos Aires/General Carrera (B), Lago San Martín/O’Higgins (S), Lago Viedma (V), Lago Argentino (A) and Lago
Fagnano (F). White patches depict the Northern and Southern Patagonian Icefields (SPI). Dashed line, national border between Argentina
and Chile; white box, area of the map in Fig. 1b. b) Map of the Lago Argentina area. Big black dots mark the pressure tide gauge sites
C and W; small black dots, tide gauge sites R (Brazo Rico) and E (El Calafate) for which lake-level data from BDHI (2015) were used;
black triangle, meteorological station of Servicio Meteorológico Nacional at El Calafate airport; white star, El Calafate town; grey lines,
rivers Río La Leona (RLL) and Río Santa Cruz (RSC). Light grey, Lago Argentino; white area, Southern Patagonian Icefield (SPI) and
glaciers (GU, Upsala glacier; GPM, Perito Moreno glacier); BU, Brazo Upsala; BN, Brazo Norte; BM, Brazo Mayo; BT, Brazo de los
Tempanos; BR, Brazo Rico; BS, Brazo Sur.
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Roughly of comparable size, each of these lakes is com-
posed in a certain proportion of the two contrasting lake
environments. However, none of these lakes exhibits the
stunning balance between glacier valleys and terminal-lake
setting characteristic for Lago Argentino. While Lago San
Martín/O’Higgins pertains almost completely to the gla-
cier-valley environment, save for the small Brazo Cha-
cabuco at its south-eastern tip, Lago Viedma is clearly
dominated by the terminal-lake environment. Lago Fag-
nano stands out somewhat from this morphological sys-
tematisation because it owes its formation, in addition to
the repeated glaciations, to tectonic processes along the
Magallanes-Fagnano fault zone (Lodolo et al., 2003).
Crustal deformation along the major transform fault rep-
resenting the boundary between the South American and
Scotia tectonic plates led to the opening of pull-apart basins
which today host the Fagnano lake (Mendoza et al., 2011;
2015). This tectonic component of its formation is respon-
sible for the exceptionally regular geometry of the basin
and its large depth compared to the terminal-lake environ-
ment. Lagos Argentino, Viedma and San Martín/O’Higgins
are fed directly by calving glaciers, whereas Lagos Buenos
Aires/General Carrera and Fagnano are influenced by sea-
sonal snow accumulation in the surrounding mountains and
more distant glacial systems (Northern Patagonian Icefield
and Cordillera Darwin, respectively). The different degrees
of glacial influence on the lakes become evident in their
colour on satellite images.
The western part of Lago Argentino pertains to the Los
Glaciares National Park declared a world natural heritage
by UNESCO. It is a famous tourist destination, to a large
extent due to the access to large glaciers amidst lush veg-
etation and the recurrent natural spectacle of the bursting
ice dam of Perito Moreno glacier (Pasquini and Depetris,
2011). The lake reaches its maximum extent of 99.8 km
in approximate east-west direction. The surface area of
the lake amounts to 1330 km². The lake level is situated
on a mean elevation of 178 m (Busch, 2014) above the
EGM2008 geoid model (Pavlis et al., 2012). Quirós et al.
(1988) state a mean depth of 150 m for this lake; however,
no further details on the soundings are given. Skvarca and
De Angelis (2001) determined lake depths exceeding 700
m in a local survey in Brazo Upsala, close to the calving
front of Upsala glacier, which are recognized as the lake’s
maximum depth. Pressure tide gauge records from differ-
ent locations in Lago Fagnano, Tierra del Fuego, and their
systematic analysis have revealed first insights, quantita-
tive descriptions and causal relationships of the main hy-
drological and hydrodynamic processes affecting lake-
level variations of this lake (Richter et al., 2010). That
study demonstrated the potential of the lake-level obser-
vations as indicator for different environmental processes
and for an observational validation of models of ocean
tidal loading (Richter et al., 2009).
This work presents the results and interpretation of
pressure tide gauge observations at two sites in Lago Ar-
gentino. Making use of a geodetic approach, it aims at a
first and basic description of the principal processes re-
flected in the lake-level variations in this lake. A compar-
ison of the results with those obtained in Lago Fagnano
shall help to unveil principles in the similarities and dif-
ferences in the manifestation of these processes in both
lakes and thus provide a basis for a prediction of the lake-
level variability in the other great Patagonian lakes. These
insights are fundamental for the understanding of energy
and mass flux, chemical and biological processes and
shall provide a stimulus and starting point for a detailed
limnological investigation of these aquatic ecosystems. In
addition to the promise these pristine lakes hold for lim-
nological research, the knowledge of their lake-level vari-
ations on a wide range of time scales is particularly
relevant for geophysical, geodynamic, geomorphological
(Strelin et al., 2014), glaciological (Naruse and Skvarca,
2000; Kobayashi et al., 2001; Sugiyama et al., 2011), hy-
drological (Pasquini et al. 2008), and geodetic (Lange et
al., 2014) research in the region of the Patagonian Ice-
fields. They may help to understand the interactions be-
tween glaciers, lakes and solid earth in an environment
affected by ongoing climate change, rapid changes in ice
mass and intense glacial-isostatic adjustment. Lake tides,
although small in amplitude, are especially interesting in
this area because their observation may provide regional
constraints for elastic earth models, which are a prerequi-
site for the modelling of crustal deformation due to the
solid earth response to present-day ice-mass changes (Di-
etrich et al., 2010; Lange et al., 2014).
METHODS
Lake-level observations
At two sites in Lago Argentino pressure tide gauges
were operated to record lake-level variations. The first
site, henceforth referred to as site C, is located at Punta
Bandera port, close to the geometrical centre of the lake
area. The second site, site W, is located in Bahía Toro, a
small bay in the NW corner of Brazo Mayo (Fig. 1b). At
both sites Aanderaa WLR 7 water level recorders were
deployed at the lake bottom. At site C, three consecutive
records were retrieved extending altogether from Decem-
ber 2011 to August 2014 with sampling intervals between
5 and 15 min. The tide-gauge record obtained at site W
extends from February 2012 to February 2013 with a sam-
pling interval of 10 min. Details of the tide-gauge records
are given in Tab. 1.
These high-resolution records are complemented by
water level data of the Argentine National Hydrometeo-
rological Network retrieved from the Base de Datos
Hidrológica Integrada of the Subsecretaría de Recursos
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Hídricos (BDHI, 2015). From this data base we use lake
level data from El Calafate (Lago Argentino, site E),
Brazo Rico (Lago Argentino, site R), Bahía Túnel (Lago
Viedma), Brazo Maipú (Lago San Martín/O’Higgins) and
Los Antiguos (Lago Buenos Aires/General Carrera).
These data sets are also summarized in Tab. 1. In addition
we use meteorological data at El Calafate provided by the
Servicio Meteorológico Nacional.
Continuous lake-level time series were derived from
the pressure tide gauge records. The observed pressure
values were corrected for the air pressure recorded at El
Calafate and converted to the metric height of the water
column above the pressure sensor. At this step, water den-
sity values were applied that were derived from the water
temperature recorded simultaneously with the pressure. A
possible drift of the tide gauge clock was corrected lin-
early by an independent cross-check at the beginning and
end of each record. GPS observations on a floating buoy
at the tide gauge location during deployment and recovery
of the tide gauges (Del Cogliano et al., 2007), as well as
synchronous lake-level observations at neighbouring sites
were used to adjust the vertical offset of the sensor posi-
tion between the individual tide gauge deployments at site
C and to verify the stable position of the pressure sensors
throughout their operation. Details on the tide gauge data
processing are given in Richter et al., 2005. The lake-
level time series for sites C and W are shown in Fig. 2.
The pressure tide gauges employed here have been shown
by Richter et al. (2010) under similar conditions (Lago
Fagnano) to achieve measurement accuracies of 2 to 3
mm for a single relative lake-level reading. Documenta-
tion of the BDHI water-level data, however, is sparse, thus
an evaluation of the reliability and accuracy of this data
set is a secondary objective of the present work.
The obtained time series of relative lake-level varia-
tions are considered in the following as realisations of sto-
chastic processes (Richter et al., 2010). Time series
analysis tools are applied to identify the driving forces
and mechanisms behind the observed variations. In par-
ticular, stacking and the Fast Fourier Transformation of
the time series into the frequency domain are used to ex-
tract periodical variation contributions. The small but dis-
tinct signals of lake tides are derived by a harmonic tidal
analysis using the TASK2000 software package (Bell et
al., 1998). This yields the amplitudes and phase lags (with
respect to equilibrium high tide at the 0° meridian) for the
four major tidal constituents M2, S2, O1 and K1.
Lake tide modelling
The contribution of astronomic tides to observable
lake-level variations have been theoretically predicted by
lake-tide models for the great Patagonian lakes (Lagos
Buenos Aires/General Carrera, San Martín/O’Higgins,
Viedma, Argentino and Fagnano; Marderwald, 2014). For
each lake, on a regular grid with a resolution of 100 m x
100 m the amplitudes and phases of seven diurnal and
semi-diurnal constituents (Q1, O1, P1, K1, N2, M2 and
S2) were computed. The lake-tide modelling includes the
contributions of both the solid earth’s body tides and the
ocean tidal loading (Richter et al., 2009). Both contribu-
tions involve a deformation of the surface of the solid
earth (i.e., lake bed) and of the equipotential surfaces of
the gravity field (to which the water surface adjusts). For
the load tide computation the global ocean tide model
EOT11a (Savcenko and Bosch, 2008) and the Gutenberg-
Bullen A earth model (Farrell, 1972) was applied. The
conservation of water volume is taken into account.
According to the modelling results, lake tides generate
Tab. 1. Lake-level records in Lago Argentino (sites C-R) and other great Patagonian lakes included in the analysis. For each tide gauge
site, the geographical location and coordinates, the total amount of lake-level readings, the dates (dd/mm/yyyy) of the start and end and
the nominal sampling rate for each record are given.
Site                                                    Location                Lat. S                 Lon. W             Readings               Start                     End                     Rate
C                                                    Punta Bandera          50°18.0’               72°47.8’              127510            12/12/2011          08/03/2012               5 min
                                                                                                                                                                       09/03/2012          24/02/2013              10 min
                                                                                                                                                                       24/02/2013          17/08/2014              15 min
W                                                     Bahía Toro             50°17.3’               73°15.9’               50551             08/03/2012          22/02/2013              10 min
E*                                                     El Calafate             50°19.2’               72°15.7’                8160              08/01/1992          30/10/2014                24 h
R*                                                    Brazo Rico             50°29.4’               72°57.0’                8097              15/11/1991          30/10/2014                24 h
Lago Viedma*                                 Bahía Túnel            49°23.7’               72°52.2’               14546             01/03/2010          23/09/2010                24 h
                                                                                                                                                                       24/09/2010          15/11/2010                 4 h
                                                                                                                                                                       15/11/2010          22/09/2011                 1 h
                                                                                                                                                                       23/09/2011          30/09/2014                 4 h
Lago Buenos Aires/                        Los Antiguos           46°32.3’               71°36.6’                6522              18/09/2008          29/09/2014                 8 h
General Carrera*
Lago San Martín/O’Higgins*     Brazo Chacabuco       49°07.4’               72°29.1’                1678              01/03/2010          29/09/2014                24 h
*Data sets retrieved from BDHI (2015).
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anti-clockwise gyres about an amphidrome close to the
geometric centre of the lake area. Maximum amplitudes
are located at the lake’s most distant points from this am-
phidrome. The narrow shape of Lago Fagnano and the
glacier valleys composing Lago San Martín/O’Higgins
makes the tidal circulation appear there as a seesaw-like
tilt of the water surface (Richter et al., 2009). The patterns
of amplitudes and phases are similar for all the con-
stituents. The predicted maximum amplitudes for the five
lakes and the four major tidal constituents are given in
Tab. 2. The definition of the lake grids involved the ex-
traction of high-resolution shoreline polygons from satel-
lite imagery. Selected morphometric parameters inferred
from these shoreline polygons are also added in Tab. 2.
RESULTS
Seasonal lake-volume signal
Fig. 2a reveals that long-term lake-level changes occur
uniformly at sites C and W. This leads to the conclusion,
confirmed by the synchronous lake-level signal at site E,
that this signal is common to the entire lake surface and
thus reflects changes in the water volume contained in the
lake. The lake-volume variation is dominated by an an-
nual period. Stacking of the lake-level variations observed
at site C over a period of one year in Fig. 3a reveals a
mean seasonal cycle with an amplitude of about 1.2 m.
The lake level peaks in March, at the end of the austral
summer, and reaches a minimum in October. The maxi-
Fig. 2. a) Lake-level time series derived from pressure tide gauge records at sites C (black) and W (light grey); grey dotted line, lake-
level data for site E from BDHI (2015). b) For the period of simultaneous tide gauge operation, the time series of differential lake-level
changes between sites C minus W are shown in black; grey dots, time series of the surface seiches amplitude at site W for the fundamental
seiches mode with a period of 85 min.
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mum is more confined in time than the minimum. The
lake-level cycle lags the seasonal air temperature signal
by two (maximum) to three (minimum) months.
In Fig. 3b the seasonal lake-level cycle at site C is
compared to that derived for site E for the 5-year periods
1992-1996 (dashed) and 2010-2014 (solid). The more re-
cent mean annual lake-level signal at site E matches
closely that of site C. The slightly less pronounced lake-
level minimum at site E, the only apparent difference,
may be attributed to the difference in observation period
at both sites (5 years at site E vs 2.5 years at site C). The
mean annual cycle corresponding to the earlier period
1992-1996, in turn, reveals a smaller amplitude compared
to that of the recent signal at the same site and, more im-
portantly, a time shift in the lake-level minimum of ap-
proximately one month.
We interpret this as an indication and consequence of
climatically induced regional changes of environmental
parameters. The change observed in the seasonal lake-vol-
ume signal might be interpreted in the way, that both snow
accumulation and the onset of melting in the mountains
surrounding Lago Argentino are occurring today roughly
one month later than 18 years ago, manifesting a progres-
sive lag of the seasonal cycles of meteorological (and thus
also hydrological) parameters. It might also be indicative
of increased glacier melting in recent years due to warm-
ing climate, thus increasing the annual lake-level ampli-
tude and delaying the drop after the peak related to the
yearly depletion of the seasonal snow cover.
Alternatively, this change of the seasonal signal may
be the consequence of a secular trend in the lake-level
data. In fact, the site E record yields a mean lake-level
rate of approximately +1.5 cm/a, corresponding to a total
lake-level rise of 34 cm over the observation period of al-
most 23 years. This progressive increase steepens the
lake-level rise, as observed during the first few months of
the year (Fig. 3b), and decelerates the lake-level drop re-
sulting altogether in a delay of the lake-volume minimum.
There remains, however, the question of the origin of the
observed lake-level rise. A recent model of crustal defor-
mation induced by glacial- isostatic adjustment around the
Southern Patagonian Icefield (Lange et al., 2014) suggests
for the Lago Argentino area a progressive tilt of the solid
earth surface with faster uplift at tide gauge site E com-
pared to the lake’s outlet into Río Santa Cruz. Assuming
an unchanged lake outlet throughout the observation pe-
riod, this relative crustal uplift would result in an approx-
imately 2 mm/a lake-level decrease at tide gauge E,
contrary to what is observed. Thus, a quasi-secular lake-
volume increase of 2.3•107 m³ a–1, corresponding to a
lake-level rise of 1.7 cm/a, would be required to explain
the observed trend. Since enhanced influx into the lake is
counterbalanced by an increase in run-off, a persistent ac-
celeration in the influx would be required to sustain a
lake-level rise over two decades. This, in turn, would be
a testimony of an indeed dramatic recent mass loss of the
glaciers at the eastern flank of the Southern Patagonian
Icefield. However, the sparse documentation of the lake-
level data published for site E, lacking, for example, in-
formation on regular control levelling, may not guarantee
a stable vertical position of the tide gauge sensor through-
out the observation period. The apparent lake-level rise at
site E could therefore also be an artefact by subsidence of
the tide gauge. The large annual amplitude and the recur-
rence of sudden jumps due to ruptures of Perito Moreno
glacier make it particularly difficult to find evidence for
a tide gauge instability in the lake-level record.
The mean seasonal lake-level signal at site C is shown
in Fig. 3c together with that derived for other Patagonian
lakes. Clearly, the amplitude of the lake-level cycle in
Tab. 2. Morphometric parameters for the great Patagonian lakes. Below, the maximum amplitudes of the principal tidal constituents
M2, S2, K1, O1 predicted by lake tide models for each lake are given. For the M2 constituent, also the phase lags (relative to the 0°
meridian) and the contributions of body tide (Body) and load tide (Load) are included.
                                             Lago Argentino          Bs. Aires/Gen. Carrera    San Martín/O’Higgins                 Viedma                            Fagnano
Length (km)                                   99.8                                  132.6                                  103.3                                    79.1                                  104.1
Width max. (km)                           33.6                                    36.6                                    54.0                                    35.8                                    10.0
Area total (km2)                         1329.6                                1803.0                                1034.1                                1201.1                                  600.9
Area islands (km2)                           3.0                                    14.8                                      9.7                                      0.1                                      0.0
Shore length (km)                        697                                     744                                     838                                     285                                     261
Maximum amplitudes (and phases) according to lake tide models:
M2 (mm, °)                        3.77   195.6                       2.27   196.0                       2.66       4.7                       2.76     19.0                       4.97   346.8
Body                               1.79   209.8                       2.70   253.4                       1.59   176.9                       1.36     42.0                       1.41     50.1
Load                               2.20   188.6                       1.43   123.2                       1.31   352.5                       1.59       1.0                       4.52   330.7
S2 (mm, °)                         1.20                                    1.13                                    0.96                                    0.86                                    1.73
K1 (mm, °)                        1.41                                    1.86                                    1.05                                    1.10                                    1.70
O1 (mm, °)                        1.06                                    1.51                                    0.82                                    0.84                                    1.04         
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Lago Argentino exceeds by far that of Lagos Fagnano,
Buenos Aires/General Carrera and Viedma. Only Lago
San Martin/O’Higgins shows a comparable, even slightly
larger, annual lake-level range as Lago Argentino. It
should be noted, however, that the lake-level data of Lago
San Martin/O’Higgins represent the most sparsely and un-
evenly sampled among all the records used here, and that
therefore the mean annual signal determined for this lake
could be less accurate (suggested also by its more irregu-
lar shape). The differences between the annual lake-level
amplitudes of the Patagonian lakes result from a combi-
nation of unequal intensity of glacial influence (e.g., Lago
Argentino vs Lago Fagnano) and differing ratios of catch-
ment vs lake area (e.g., Lago Argentino vs Lago Viedma).
Response to short-term forcing: seiches
In Fig. 2a sporadic events of differential lake-level
variations between sites C and W become evident. A zoom
into the lake-level time series during the most pronounced
of these events in September 2012 is shown in Fig. 4a. It
reveals that the lake-level differences between sites C and
W (Fig. 2b) are due to periodical oscillations with much
larger amplitude at site W than at C. These oscillations
are composed of several periods the predominant of which
is about 1.5 h. Between late 4 and early 5 of September
2012 the amplitude increases steadily until reaching 20
cm around 5:00 UTC. The oscillation amplitude then di-
minishes rapidly. At site W the oscillation continues af-
terwards with slowly fading amplitude. The onset and
build-up of the lake-level oscillations are synchronous
with strong westerly winds (Fig. 4a).
These periodic variations are the manifestation of sur-
face seiches and represent resonant oscillations of the
water body (Forel, 1895). Their excitation depends on ex-
ternal forcing, such as strong winds, thus the timing of
their occurrence and their magnitude are governed non-
linearly by the temporal evolution of these forces. The fre-
quency, or period, of these oscillations, however, are de-
termined by the geometry of the water body and are
therefore invariable. Surface seiches are often composed
of oscillations on several frequencies each of which rep-
resents a distinct seiches mode (Richter et al., 2010). For
the simple model of a one- dimensional channel of uni-
form cross section, these modes represent standing waves
with a characteristic number of nodes, and Merian’s for-
mula relates their oscillation period with the length and
depth of the channel (Mortimer, 1974). In the case of Lago
Argentino, however, the lack of bathymetric information
impedes a straightforward prediction of the surface se-
iches frequencies based on Merian’s formula. 
Figs. 4b and 4c show the amplitude spectra of the
lake-level variations recorded at sites C and W, respec-
tively, throughout the common observation period (ap-
proximately one year). The surface seiches modes appear
Fig. 3. Stacked annual lake-level signal (July 1 June 30). a) Orig-
inal (light grey) and stacked mean annual lake-level signal, HC,
observed at site C; dashed line, stacked mean annual air temper-
ature observed at El Calafate (2010-2014), Tair; letters indicate
the months. b) Comparison of the stacked mean annual lake-
level signal at site C (thin black line) with the corresponding
lake-level signal derived for site E for the period 1992-1996
(dashed grey line) and 2010-2014 (solid grey line). c) Compar-
ison of the stacked mean annual lake-level signal derived at site
C for Lago Argentino (A, solid black) with the corresponding
signals for Lagos San Martín/O’Higgins (S, long dashed; BDHI,
2015), Buenos Aires/General Carrera (B, black dotted; BDHI,
2015), Viedma (V, thick grey; BDHI, 2015) and Fagnano (F,
grey dotted; Richter et al., 2010).
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in the spectra as sharp peaks centred on their characteristic
frequencies. Site C exhibits only one prominent seiches
mode with a frequency of 17 cycles per day corresponding
to a period of 85 minutes. The same frequency represents
also the dominant seiches mode at site W. This is the pre-
vailing mode observed in the lake-level oscillation de-
picted in Fig. 4a. The perfect agreement in frequency
between the two spectra proves that both sites participate
in one and the same surface seiches mode. The about three
times larger amplitude of this mode at site W compared
to site C indicates that the node of this mode is much
closer to the site C than W. The approximate agreement
in the phases (not shown in Fig. 4) of this peak in both
spectra suggests furthermore that both tide gauge sites are
located to the same side of the node. This supports the as-
sumption that this seiches mode represents the fundamen-
tal, uninodal standing wave extending between the lake’s
eastern shore up to the head of Brazo Mayo in the west
(Fig. 1). Applying Merian’s formula to this extension (88
km) and period (85 min) yields a hydrodynamically ef-
fective water depth of 120 m. This value is reasonably
close to the little substantiated statement of a mean lake
depth of 150 m (Quirós et al., 1988). Alternatively, the
identified period could correspond to the uninodal mode
of an oscillation system extending over 96 km from the
head of Brazo Upsala (NW tip of the lake) through Brazo
Norte and Brazo de los Tempanos to the head of Brazo
Mayo. In this case the effective mean water depth would
amount to 142 m. A conclusive decision between the two
cases is not possible on the basis of the available data.
The amplitude spectrum of the lake-level variations at
site W (Fig. 4c) reveals, in addition to the fundamental
mode, four smaller peaks resembling the spectral imprint
of surface seiches. The corresponding oscillation periods
amount to 28, 36.5, 58, and 107 min, respectively. The
fact that these peaks are absent at tide gauge C implies
that this site either remains outside of the oscillation sys-
tem or that it coincides with a node of the standing wave.
In an attempt to explain the observed oscillation frequen-
cies we apply again Merian’s formula as well as the ef-
fective water depth derived for the fundamental surface
seiches mode between eastern shore and Brazo Mayo
(120 m). This model predicts an oscillation period of 36.5
min for the uninodal seiches mode for the 38 km long
water body comprising Brazo Mayo and the southern
branch of Brazo de los Tempanos up to Glacier Perito
Moreno (Fig. 1b). The perfect agreement of this modelled
period with one of the peaks found in the spectra gives
confidence not only in the correct identification of this se-
iches mode, but also in the adequacy of the adopted ef-
fective water depth and thus the consistency of the
explanation of the fundamental seiches mode. For the
third mode (three nodes) of the lake-wide oscillation sys-
tem (eastern lake shore up to Brazo Mayo) Merian’s for-
mula yields a theoretical period of 28.5 minutes, very
close to the observed peak at 28 min. One of the nodes
must be located close to site C, since this seiches mode is
not observed at that tide gauge. Since the main basin of
Lago Argentino is expected to be considerably shallower
than the narrow glacier valleys in the west, it is very likely
that the nodes of this oscillation system are not distributed
symmetrically, but systematically shifted towards east. It
appears therefore plausible that the westernmost of the
three nodes of this seiches mode would coincide with site
C. The period of 58 min, corresponding to yet another ob-
served spectral peak, equals exactly two thirds of the fun-
damental seiches mode. This fact motivates the
speculation that this seiches mode represents a rotational
circulation over the three sub-basins Brazo Mayo/Brazo
de los Tempanos (W), Brazo Norte/Brazo Upsala (NW)
and the lake’s main basin (E). The length of these sub-
Fig. 4. Surface seiches observed in Lago Argentino. a) Simulta-
neous lake-level time series at sites C (black) and W (grey) from
late 4 to 5 September 2012 showing the onset and evolution of
a seiches series; jagged grey line, east-west wind velocity com-
ponent vW-E observed at El Calafate. b) Amplitude spectrum of
the lake-level variations observed at site C throughout the com-
mon observation period at sites C and W; the prominent peak at
frequency f=17 d–1 (cycles per day) represents the fundamental
surface seiches mode with a period of 85 min; large amplitudes
at low frequencies are truncated. c) Amplitude spectrum for site
W analogous to b); for the frequencies with significant seiches
amplitudes the corresponding period (min) is included.
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basins is indeed comparable (41, 53, and 58 km, respec-
tively) which implies the location of an amphidrome at
their junction just off tide gauge site C. The remaining
peak, corresponding to the longest period of 107 min, ap-
pears in the spectrum flatter and stretched over a broader
frequency range than the other peaks. This appearance is
typical for alias frequencies of short-period seiches modes
not properly resolved by the observation rate (Richter et
al., 2010). This peak could therefore represent an alias
signature of a seiches mode in the short oscillation system
between Bahía Toro (i.e., site W) and the head of Brazo
Mayo (SW). For the length of this system (7 km) and the
depth representative for the entire lake (120 km) Merian’s
formula yields an oscillation period of 7 min. Such a short
period is indeed not resolved by the lake- level observa-
tions at site W with a 10 min interval and therefore must
produce an alias signature in the spectrum. However, an
unambiguous relation of the peak frequency to this se-
iches mode would require knowledge of the water depth
representative for this small water body. The surface se-
iches modes identified in the amplitude spectra are sum-
marized in Tab. 3.
In Fig. 2b, bottom, the time series of the amplitude of
the fundamental seiches mode observed at site W is in-
cluded. It demonstrates the coincidence of large seiches
amplitudes with practically all occurrences of significant
differential lake-level variations between sites C and W.
This indicates that relative lake-level changes between
both sites result to a very large extent from surface se-
iches. Furthermore, almost all events of differential lake-
level change and increased surface seiches synchronize
with the occurrence of increased wind speeds at El
Calafate (not shown in Fig. 2). This allows the conclusion
that wind is the primary force exciting surface seiches in
Lago Argentino.
Lake tides
Our lake tide model for Lago Argentino predicts gen-
erally larger tidal amplitudes at site W than at C, consis-
tent with the formation of amphidromes close to the lake
centre. This is confirmed by the amplitude spectra of the
lake-level variations observed at both sites (Figs. 4b, c).
While the spectrum of site W shows an amplitude of the
semi-diurnal lunar tidal constituent M2 (1.93 d–1) close to
3 mm, the corresponding amplitude at site C remains
below 1 mm.
According to our modelling, the M2 constituent is ex-
pected to produce the largest contribution to the tidal lake-
level variations in all Patagonian lakes (Tab. 2). Moreover,
the M2 period is sufficiently distinct from solar (daily)
periods to allow a relatively clear separation of the astro-
nomic tides from contributions related to environmental
parameters with a daily cycle. For this reason, we consider
in this section the M2 constituent only.
The harmonic tidal analysis of the lake-level time se-
ries from sites W and C yields the amplitudes and phases
for the four main tidal constituents given in Tab. 4. The
comparison of the M2 tidal constants extracted from the
lake-level observations with the prediction of our lake tide
model is depicted in the phasor plots in Figs. 5 a,b detail-
ing individually the modelled contributions of the body
tide (light grey) and the load tide (dark grey). Site W
shows a difference in amplitude of 0.02 mm and a roughly
23° phase lag of the model relative to the observed signal.
This degree of agreement proves our modelling approach
in general valid. While the amplitude difference is fully
explained in its magnitude by expected observation and
model uncertainties, the 23° phase difference seems some-
what large to be explained entirely by the usual inconsis-
tencies between model and observational determination.
In fact, both the order of magnitude of the differences and
the internal geometry between the vectors representing
the body tide, load tide and observed lake tide signals are
also observed at site C despite the much smaller signal
magnitude there (Fig. 5b). The result of a harmonic tidal
analysis of the hourly lake-level data at Bahía Túnel in
Lago Viedma is added in Fig. 5d (black). We regard the
observational vector as less reliable than those presented
Tab. 3. Surface seiches modes observed in Lago Argentino (site W). The frequency fobs and corresponding period Tobs are given for sig-
nificant peaks in the amplitude spectrum (Fig. 4c). The quantities water depth D, basin length L, the number of nodes n and the resulting
theoretical period Tmod involved in a model applying Merian’s formula are added. Numbers underlined indicate the unknown quantity
for which Merian’s formula was solved. The last column indicates the geographical extent of the oscillation system (Fig. 1b). 
Tobs (min)               fobs (d–1)             Tmod (min)               D (m)                  L (km)                     n                              Oscillation system
85.4                           16.9                                                120.8                     88.2                       1                              Main basin, BT, BM
57.9                           24.9                     56.9                   120.8                     53-41-58               C                     Main basin - BT, BM - BN, BU
36.5                           39.5                     36.5                   120.8                     37.7                       1                                        BT, BM
28.0                           51.4                     28.5                   120.8                     88.2                       3                              Main basin, BT, BM
107.3                         13.4                       7.2                   120.8                       7.4                       1                                 BM western part
                                                             5, 11                  Signal periods producing an alias frequency of 13.4 d–1 when sampled at 10 min rate 
n=C means a rotational circulation over three sub-basins.
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for sites C and W in Lago Argentino due to the lack of
timing and quality control of the lake-level readings and
incomplete metadata (e.g., the data are assumed to be
given with respect to the official Argentine time zone, al-
though this is nowhere documented explicitly). Neverthe-
less, the geometrical relation between the body tide, load
tide and observed tide vectors at this site is strikingly sim-
ilar to that found at both tide gauges in Lago Argentino.
This leads to the conclusion that the phase lags encoun-
tered between lake tide model and observed M2 signals
are of a systematic origin common to the region beyond
a specific site or lake.
Singular events
The tide-gauge records from Lago Argentino allow us
to study also processes not as commonly manifested in
lake-level changes as surface seiches, lake tides or the an-
nual water-volume cycle. The first of two examples is the
rapid water displacement caused by the bursting of the
snout of Perito Moreno glacier (Pasquini and Depetris,
2011). Over extended periods of time this glacier dams
the outlet of Brazo Rico and Brazo Sur against the rest of
Lago Argentino causing a rise in water level in the isolated
south-eastern branch. In more or less regular intervals,
when the pressure of the water column at the foot of the
glacier reaches a certain threshold, the icy dam breaks in
an instantaneous event giving way to the outburst of the
water piled up in Brazo Rico/Sur into the proper Lago Ar-
gentino. Our lake-level record at site C includes one of
these spectacular events that occurred on March 2, 2012.
This outburst produced a sudden lake-level rise at site C
of approximately 45 cm, clearly evident in Fig. 2a. A
zoom into the lake-level time series in Fig. 6a shows that
the lake-level rise is preceded by relatively large oscilla-
tions, probably surface seiches. The precipitation record
at El Calafate rules out a major contribution of rainfall to
Fig. 5. Phasor plots of the observed vs modelled lake tide sig-
nals. a) M2 lake tide signal extracted from the lake-level obser-
vations at site W (black); light grey and dark grey vectors depict
the modelled contributions of body tide and load tide, respec-
tively, to the theoretical lake tide signal at this site; for a perfect
agreement between observations and model the vectors would
meet. b) Same as a) for site C. c) For the K1 (grey) and S2
(black) tidal constituents the lake tide signals extracted from the
lake-level observations at site W (thick) and the model contri-
butions of body tide and load tide (thin) are shown. d) For Lagos
Fagnano (F, grey, site C in Richter et al., 2009) and Viedma (V,
black, Bahía Túnel; BDHI, 2015) the observed (thick) M2 lake
tide signal and the modelled contributions of body tide and load
tide (thin) are shown.
Tab. 4. Lake tide parameters at sites W and C in Lago Argentino. For the principal tidal constituents M2, S2, K1, O1 the amplitudes A
and phase lags G (relative to the 0° meridian) derived from the observed lake-level time series are given. Note that only the M2 lake
tide signal is regarded as statistically significant. The theoretical parameters according to the lake tide model for both sites, together
with the modelled contributions of body tide and load tide are included.
                                                                    Site W                                                                   Site C
                                                           OBS            MOD            Body            Load                           OBS            MOD            Body            Load
M2        A (mm)                                   3.24              2.98              1.53              1.85                             1.04              0.69              0.45              0.45
                  G (°)                               183.3            212.4            243.4            187.2                           186.0            226.6            265.6            187.1
S2          A (mm)                                   4.90              0.89              0.71              0.30                             4.71              0.21              0.21              0.07
                  G (°)                               112.1            227.0            244.7            181.6                           104.3            246.5            266.8            169.7
K1         A (mm)                                   1.34              1.23              1.06              0.48                             0.25              0.33              0.28              0.14
                  G (°)                               352.5                8.2            345.3              66.4                           350.3              16.6            352.4              72.6
O1         A (mm)                                   1.77              0.94              0.74              0.22                             1.68              0.26              0.19              0.08
                  G (°)                               131.1            351.4            345.0              13.9                             88.7                4.7            352.4              35.2
OBS, observed lake-level time series; MOD, lake tide model.
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this lake-level jump. According to the record from site R,
the water level in Brazo Rico dropped between March 1
and 11, 2012 by more than 5.5 m. The ratio between lake-
level rise at site C and drop in Brazo Rico corresponds to
the ratio in surface area of both water bodies of 1:11 as
expected from volume conservation. The lake-level rise
at site C completes within two days (Fig. 6a). We con-
clude that the redistribution of the water from Brazo
Rico/Sur is accomplished in this time span. This implies
a mean water flux of 3600 m³ s–1 across the passage at
Perito Moreno glacier. For comparison, the maximum
flux observed in upper Río Santa Cruz amounts to just
2250 m³ s–1 (BDHI, 2015). Another conclusion is that the
linearly decreasing daily water-level values between
March 2 and 10, 2012 published in the record of site R
(open circles in Fig. 6a) most likely result from interpo-
lation rather than observation.
The second example of rare events affecting Lago Ar-
gentino’s water level is illustrated in Fig. 6b. It shows the
onset of a surface seiches series, first at site C before prop-
agating to site W, around midnight between February 10
and 11, 2013. In fact, this event represents the second
largest differential lake-level change between sites C and
W depicted in Fig. 2b. Strikingly, this seiches series, ex-
ceeding 20 cm in range at site W, is not accompanied by
strong winds: the El Calafate meteorological station re-
ports wind speeds below 10 km/h throughout this period.
Moreover, the oscillations at both sites are initially in an-
tiphase. Only after about 2:00 UTC they align in phase as
usual for the fundamental seiches mode. The cause of
these lake-level oscillations consists in a large landslide
in Brazo Upsala close to the front of Upsala glacier. Since
it occurred at night, in a remote glacier valley accessible
only navigating, there exists probably no direct observa-
tion of this event. The following day, however, the de-
nuded mountain flank was discovered by tourist boats.
Along the lake shore of this channel, large ice chunks and
tree trunks were found several meters above the lake level,
testifying the impact of what can be imagined as a micro-
analogy of a tsunami in the channel. The phase lead of the
oscillation onset at site C relative to site W is consistent
with the propagation of the flood wave from Brazo Upsala
down Brazo Norte to site C and from there up Brazo de
los Tempanos and Brazo Mayo. The 13 min time lag it
took this wave to cover the 35 km between both tide
gauges implies a mean propagation speed of 160 km/h.
Assuming this wave speed to be representative also for
the upper course of the flood wave leads to the estimate
that the landslide occurred at 23:12:30 UTC on February
10, 2013. This information is important to disclose the
cause, and probability of recurrence, of the catastrophic
event which may represent a potential hazard for the local
tourist activities, for example by examination of earth-
quake catalogues for nearby seismic events.
Daily lake-level cycle
Fig. 7a shows the mean daily lake-level cycle at site C
as derived from stacking of the observed lake-level time
series over a period of 24 h. It is characterized by an am-
plitude of almost 2.5 mm with the maximum occurring be-
tween 22:00 and 23:00 UTC and a minimum between 8:00
and 9:00 UTC. In Fig. 7b this daily lake-level cycle is com-
Fig. 6. Lake-level time series during singular events. a) Lake-
level variation observed at site C, HC (black, left axis annotation)
during and after the ice dam burst of Perito Moreno glacier on
March 2, 2012; grey dots, simultaneous lake-level readings at
site R in Brazo Rico HR (axis annotation to the right; BDHI,
2015); open circles, implausible lake-level data likely resulting
from linear interpolation (see text); the relative axis scale for HC
and HR corresponds to the ratio of surface area between the
proper Lago Argentino and Brazo Rico/Sur of 1:11; grey bars
indicate rainfall as observed at El Calafate meteorological sta-
tion (larger bar on March 11 corresponds to 5 mm). b) Lake-
level time series observed at sites C (black) and W (grey) from
late 10 to 11 February 2013 showing the passage of a flood wave
and onset of a surface seiches series following a landslide in
Brazo Upsala; the jagged grey line at the bottom indicates the
wind speed v recorded at El Calafate meteorological station.
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pared to that derived for site W. Despite its much shorter
duration, the record from site W yields a daily lake-level
peak practically synchronous in time and comparable in
amplitude with that observed at site C. This leads to the
conclusion that an essential part of the lake-level variation
with daily period occurs uniformly at both sites and all
over the lake, and therefore represents a periodical change
in lake-water volume. The limited amount of observation
data at site W (1 year compared to 2.5 years at site C)
might be responsible for the increased noise in the result-
ing mean daily signal and, at least in part, for the difference
in the daily amplitude between both sites. Both the stacked
mean daily signals (Fig. 7b) and the amplitude spectra
(Fig. 4 b,c: 1 d–1) indicate a larger amplitude of the daily
lake-level cycle at site C than at W.
This periodical, daily lake-level variation is not pre-
dicted by our lake-tide model (Marderwald, 2014). The
mean lake-level cycle at site C lags that of the air temper-
ature at El Calafate (grey curve in Fig. 7a) by 2 (minimum)
to 3 h (maximum). This suggests that the daily lake-level
cycle reflects periodical variations in the lake’s water vol-
ume due to melt water influx from the surrounding glaciers
which, in turn, is governed by the daily air temperature
cycle. The entire process of ice melting, melt water perco-
lation and run-off down to the lake is responsible for the
observed lag in the lake-level response. In addition, up to
about one quarter of the daily lake-level amplitude ob-
served at site C might result from thermal expansion due
to the daily variation in water temperature. The mean daily
water temperature cycle at tide gauge C (water depth 1.5
m, not shown in Fig. 7) has its maximum at 22:00 UTC,
synchronous with the lake-level peak, its minimum at 12:30
UTC and an amplitude of 0.4 K, while at site W (water
depth 6 m) only half this amplitude is observed.
The east-west wind-speed signal observed at El
Calafate (Fig. 7a, dashed curve) shows a pronounced daily
periodicity. Peaking approximately 2 h after the air tem-
perature it manifests the effect of catabatic winds on the
surrounding glaciers. The synchronicity of the peaks of
wind speed and lake level suggests that wind driven water
transport with daily period may contribute in addition to
water mass influx from glacier melting and steric water
volume changes to the observed lake-level cycle. This
would explain the increase in daily lake-level amplitude
observed at the downwind tide gauge C compared to site
W. However, the uncertainty of the mean daily lake-level
cycle at site W does at present not allow an unambiguous
quantification of this contribution.
In Fig. 7b the mean daily lake-level signals observed
in Lago Argentino are compared to those in Lagos Fag-
nano and Viedma. Lago Fagnano, lacking the direct influ-
ence of glaciers, features a mean daily lake-level signal
much smaller in amplitude than in Lago Argentino and
characterized by two maxima and minima. The mean
daily signal derived for Lago Viedma is affected by sub-
stantial noise, similar to that for site W, suggesting that
more observations are needed for a precise determination
of the daily lake-level cycle in this lake. However, the in-
ferred range of daily lake-level variation is comparable
with that observed at site C. The approximately 5 h lag of
the lake-level peak in Lago Viedma compared to Lago Ar-
gentino might be explained as a result of the different ge-
ographical distribution (distance from the lake,
orientation) of efficient melt centres at both lakes. Lake-
level variations in Lago Viedma with daily period may,
by its drainage through Río La Leona, also contribute to
the daily lake-level cycle in Lago Argentino.
Fig. 7. a) Stacked mean daily lake-level signal observed at site
C, HC (black). Solid grey line: stacked mean daily air tempera-
ture signal at El Calafate (2011-2014; grey axis annotation to
the right); dotted line, stacked mean daily signal in the east-west
wind velocity component observed at El Calafate (black axis an-
notation to the right). b) Comparison of the stacked mean daily
lake-level signal at site C (black) with that at site W (grey) and
for Lagos Viedma (V, long dashed, BDHI, 2015) and Fagnano
(F, dotted; Richter et al. 2010).
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DISCUSSION
Lake-level variations observed in Lago Fagnano have
been explained to a large extend by four processes: lake-
volume changes, lake-level tilt, surface seiches and lake
tides (Richter et al., 2010). While the first process occurs
uniformly over the entire lake, the latter three processes ex-
hibit characteristic patterns of magnitude and sign over the
lake, the areal integrals of which equal zero, and thus rep-
resent different forms of water movement within the lake.
In Lago Argentino our tide gauge records reveal a sub-
stantial contribution of three of these processes: lake-vol-
ume changes, surface seiches and lake tides. The lake-level
tilt observed in Lago Fagnano represents the static response
to differential air-pressure changes over the lake. The time
series of differential lake-level variations between sites C
and W (Fig. 2b) shows no significant correlation (correla-
tion coefficient r=0.16) with the air pressure differences be-
tween El Calafate and Río Gallegos (250 km to the ESE
from Lago Argentino). This does not allow to conclude that
Lago Argentino would not react statically to air pressure
variations. Our two tide gauge sites are representative for
the glacier-valley setting. The narrow, meandering channels
do not offer sufficient surface area for an effective response
to air pressure. Over the broad eastern part of the lake, how-
ever, the differential inverse barometer effect may indeed
be as efficient as over Lago Fagnano. On the other hand,
the large distance between the meteorological stations is
not appropriate to derive air pressure gradients representa-
tive for the lake area.
Differential lake-level variations, that is, water move-
ments between sites C and W in Lago Argentino are clearly
dominated by surface seiches. The time series of differential
lake- level variations yields a standard deviation of only 2.1
cm compared to peak seiches amplitudes exceeding 20 cm.
This demonstrates that the response of at least this part of
the lake to external forcing is predominantly resonant.
Wind, locally intensified by a catabatic component and
favourably channelled through the narrow glacier valleys,
is identified as the major driver of water movements. But
also rare catastrophic events (Perito Moreno glacier burst,
landslide) are shown to induce a resonant response.
Compared to Lago Fagnano the surface seiches in
Lago Argentino are more intense (20 cm amplitude in
Lago Argentino vs 10 cm in Lago Fagnano), but more
heavily damped. While in Lago Fagnano an exceptional
seiches series of eleven days of duration (143 cycles) was
observed, the seiches series in Lago Argentino hardly per-
sist over a couple of days or a few dozens of cycles. The
different damping is explained by the regular basin geom-
etry of Lago Fagnano compared to the highly heteroge-
neous bathymetry of Lago Argentino. The glacier valley
channels of the latter were occupied until relatively re-
cently (Holocene, Strelin et al., 2014) by glaciers, leaving
behind tall moraine ridges across the channel beds. These
shallow-water barriers are today obstacles for water
movement in the lake, dissipating kinetic energy of the
standing waves. In fact, Punta Bandera is part of a major
moraine complex (Strelin et al., 2014), predestining this
location for nodes of standing waves. It is, therefore, not
too surprising that seiches modes observed elsewhere are
not manifested at nearby site C. In addition, the daily re-
curring catabatic wind is bound to interrupt any ongoing
seiches, thus impeding the development of undisturbed
series as long-lasting as in Lago Fagnano.
Lake tides reach smaller amplitudes in Lago Argentino
(maximum M2 amplitude: 3 mm) than in Lago Fagnano
(5 mm). This observation is consistent with a general
trend of decreasing lake tide magnitude towards north as
predicted by our lake tide models. This trend is opposed
to the expected relationship between tidal amplitudes and
the lake’s areal extent (i.e., maximum amplitudes for Lago
Buenos Aires/General Carrrera and Lago Argentino), but
is explained by the northward decreasing load tide con-
tribution. From north to south the investigated lakes
steadily approach the Atlantic coast with its exceptionally
strong ocean tides peaking between Río Gallegos and the
mouth of the Magellan Strait. This makes the relative
magnitude of the load tide with respect to the body tide
contribution grow from roughly 1:1 in Lago Viedma to
5:1 in Lago Fagnano (Fig. 5d).
The misfit of our lake tide model is worse in Lago Ar-
gentino than in Lago Fagnano. The reason is a 23° phase
shift between modelled and observed signal. However,
this offset is consistently reproduced also in Lago Viedma
(and similarly for the S2 constituent, Fig. 5c). While the
body tide contribution is regarded as well known (Richter
et al., 2009; Pugh et al., 2012), the accuracy of the mod-
elled load tide signal depends on the quality of the ocean
tide model and the elastic earth model employed in mod-
elling the ocean tidal loading effect. This is confirmed by
the vectors of body tide, load tide and observed M2 tide
at Laguna del Indio in Lago Fagnano (site C in Richter et
al., 2009, 2010) included in Fig. 5d (grey). In Lago Fag-
nano consistency is found between the modelled body tide
vector and the phase relation between modelled load tide
and observed lake tides. In this lake, the mismatch be-
tween model and observation results from an underesti-
mation of the load tide amplitude by the model. The
regional validation of the ocean tide model introduced in
the load tide modelling by offshore tide gauge records
(Richter et al., 2012) leads to the conclusion that the
roughly 20% amplification of the ocean tidal loading as
revealed by the Fagnano lake tide observations are indica-
tive for elastic mechanical properties of the lithosphere
differing in this region from the adopted global earth
model (Richter et al., 2009, 2011).
In Lago Argentino, in turn, the mismatch between ob-
served and modelled M2 signal is dominated by the phase
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offset. Following the usual assumption that the body tide
contribution is modelled correctly, the lake tide observa-
tions at site W suggest that the ocean tidal loading in the
Lago Argentino region occurs some 30° earlier and, in
agreement with the conclusions drawn from Lago Fag-
nano, with an amplification of some tens of per cents in
amplitude compared to the model prediction. In general,
the amplitude of ocean tidal loading is more sensitive to
the elastic properties of the lithosphere than the phase.
Therefore, we assume that the discrepancy of the mod-
elled load tide in Lago Argentino probably indicates in
first place regional deficiencies of the ocean tide model
rather than the elastic earth model. Ocean tidal loading in
the Lago Argentino area is dominated by the ocean tides
in the channels and fjords of the highly fragmented Pacific
coast. This environment remains a challenge for global
ocean tide models, even in times of satellite altimetry.
Moreover, in this hardly populated coast tidal observa-
tions for validating or constraining these models are par-
ticularly sparse. An M2 phase lag of 30°, corresponding
to approximately one hour, of the employed global ocean
tide model in this region seems thus possible and to be a
plausible explanation of the observed lake tide model in-
consistency. We may not exclude, however, that regional
differences of the rheological properties of the lithosphere
from the conventional elastic earth models may also con-
tribute in a similar way as shown for Lago Fagnano. Tide
gauge observations in the Pacific coastal channels and
fjords would be needed to validate existing ocean tide
models in this region and to draw any conclusion about
the representativeness of elastic earth models based on the
load tide contribution to the lake tides observed in Lago
Argentino. Such a validation of elastic earth models
would be of particular value in the region of the Southern
Patagonian Icefield in order to improve the determination
of elastic crustal deformations due to ongoing ice mass
changes and its separation from long-term visco-elastic
adjustment (Lange et al., 2014; Dietrich et al., 2010).
Lake-volume changes are in Lago Argentino of much
larger magnitude and more complex than in Lago Fagnano.
The principal reason for this is the immediate vicinity of
Lago Argentino, as well as Lago Viedma draining into the
former, to the glaciers descending from the Southern Patag-
onian Icefield. The amplitude of the annual lake-level cycle
in Lago Argentino is 1.2 m compared to 21 cm in Lago Fag-
nano. The annual signal in Lago Argentino lags that of Lago
Fagnano by two (minimum) to three (maximum) months.
The time shift in the lake-level maximum is likely due to
the melt water contribution from the glaciers surrounding
Lago Argentino. In addition to the annual cycle, lake-vol-
ume changes in Lago Argentino are characterized by a pe-
riodical daily signal and by sporadic events of rapid water
influx due to bursting of the Perito Moreno glacier ice dam.
Neither of these phenomena are observed in Lago Fagnano.
The comparative juxtaposition of Lago Argentino and
Lago Fagnano with respect to the processes affecting their
lake levels allows a tentative extrapolation to the other great
Patagonian lakes. The differences in the lake-level varia-
tions in Lagos Argentino and Fagnano can be related to
their morphological and geometrical characteristics. Lakes,
or parts of lakes, dominated by the glacier-valley environ-
ment (e.g., Lago San Martín/O’Higgins) most likely tend
to a resonant response to external forcing, especially wind.
These water movements are concentrated in isolated events
rather than occurring continuously. Singular, catastrophic
events, such as the landslide in Brazo Upsala, are more
likely to occur in this environment. Strong fluctuations in
the lake-volume, coupled to glacier melting, can be ex-
pected. In lakes representing the terminal-lake environment
(e.g., Lago Viedma) the static response to external forcing
(e.g., air pressure changes) will gain importance. Surface
seiches are probably less effective and restricted to very
few modes, possibly developed as rotational circulations
such as Kelvin waves. Evaporation and other slow
processes will gain in influence over the lake-volume vari-
ations. The annual maximum and minimum of lake-water
volume may occur earlier in the year if there is no imme-
diate influence from glacier melting. Independent from the
geometric characteristics of the lakes, the magnitude and
patterns of lake tides are predicted (Tab. 2) suggesting op-
timum sites for future lake-tide observations.
Lago Argentino, but also Lagos San Martín/O’Higgins
and Viedma, are promising candidates for future long-term
tide gauge operation in order to monitor secular lake-level
changes and relative crustal deformation. Precise long-term
lake-level records may provide a useful observable to val-
idate models of glacial-isostatic adjustment in the region of
the Southern Patagonian Icefield (Lange et al., 2014). The
experience with the lake-level record at site E has taught
that great care is to be taken to warrant a stable height of
the tide gauge. Furthermore, at least two tide gauges should
be operated simultaneously in order to separate secular rel-
ative crustal uplift from lake-volume fluctuations and water
movements. Ideally, one tide gauge should be installed
close to the lake’s outlet at its eastern shore, while the sec-
ond instrument should be deployed at a site of maximum
predicted uplift. The model presented by Lange et al.
(2014) predicts a relative uplift rate of 12 mm/a for the head
of Brazo Upsala with respect to the eastern lake shore. Fi-
nally, our results qualify site C, only marginally affected by
water movements, as ideal location for a long-term moni-
toring of the lake’s hydrological balance.
CONCLUSIONS
Pressure tide gauge records at two sites provide novel
insights into the lake-level variations in Lago Argentino.
The processes identified in the lake-level records comprise
annual, daily and rapid lake-volume changes, surface se-
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iches, lake tides and water movements induced by singular
events. Our results show that lake-volume changes (annual
amplitude 1.2 m) and surface seiches (maximum observed
amplitude 20 cm) reach larger magnitudes in Lago Ar-
gentino than in Lago Fagnano. The comparison of our find-
ings with previous results from Lago Fagnano leads to a
tentative prediction of characteristics of lake-level varia-
tions in the other great Patagonian lakes.
Lake-level data from sites E, R and Lagos Viedma, San
Martín/O’Higgins, Buenos Aires/General Carrera (BDHI,
2015) have proven a valuable complement of our pressure
tide gauge records for the analysis of the annual lake-level
cycle (Fig. 3b). A more detailed documentation of these
data sets would allow an even greater benefit from this
wealth of observational data. For the investigation of hy-
drodynamic processes, however, dedicated high-resolution
tide-gauge records, as presented here, are still essential.
Doubts about the stability of the height reference of the
lake-level data from site E, raised by the presented analysis,
affect also the confidence in the conclusions on secular
lake-level trends derived previously by other authors from
this data set (Pasquini and Depetris, 2011).
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